Body mass and sex ratio (F/M) of folivorous insects are easily measured parameters that are commonly used to assess the effect of food quality, living conditions, and preferences on the selection of favourable sites for offspring. A study was conducted on the polyphagous beetle, Gonioctena quinquepunctata (a pest of the native Prunus padus and alien P. serotina) and on the monophagous beetle, Altica brevicollis coryletorum (a pest of Corylus avellana). Both species have a similar life cycle with emergence of current-year adults in summer, and reproduction of 1-year-old insects in spring. A. brevicollis coryletorum feeds primarily on sunlit shrubs, while G. quinquepunctata prefers shaded leaves. The present study assessed the effect of time of occurrence (insect age) on body mass in both sexes and on the sex ratio F/M, taking into account the influence of light conditions associated with their favoured food source (sunlit vs. shaded leaves). We hypothesized that a change in body mass in current-year insects would be determined by the amount of consumed food, while the sex ratio would be stable, when in 1-year-old insects females would die shortly after oviposition, while males would be active for a prolonged time. Results confirmed the hypothesis that changes in mass of current-year beetles was determined by the amount of food intake. We also found that in spring, unfertilized females coexist with fertilized ones and that the latter females live for some time after oviposition; resulting in fluctuations of the mean mass for females. In both species, 1-year-old beetles were heavier than current-year. The preference of A. brevicollis coryletorum for sunlit leaves results in a higher body weight than in G. quinquepunctata in both seasons. The data are consistent and indicate seasonal fluctuations in body mass and changes in the sex ratio in 1-year-old beetles, due to the entrance into their reproductive period.
Introduction
The understory layer plays an important role in the proper functioning of forest ecosystems [1, 2] . Furthermore, it serves as a rich source of food for herbivorous insects [3, 4] . It is believed that the major reason for the high insect diversity and the high abundance of herbivores in this vegetation layer is that understory plants grow mostly in shade [5] . The majority of earlier studies have reported that leaves of plants growing in shade are more damaged by insects than sunlit ones, primarily because of lower levels of defence compounds [6, 7, 8, 9] . Moreover, leaves of shaded plants are also thinner and less tough and as a result are more readily digestible [10, 11] . Additionally, their surface is covered by a lower of structures that obstruct insect movement and grazing [12, 13, 14] . Thus, leaf chemistry and structure determine food quality and the resultant food preferences of folivores [15] . The selection of foraging sites by insects can be directly determined by light conditions and, consequently, temperature. A feeding preference for sunlit leaves is linked to a higher mobility and metabolic efficiency in ectotherms [16, 17] .
The species composition of the understory in European forests is composed of a number of shrubs. These include native shrubs in the Betulaceae and Rosaceae, including the widely distributed common hazel, Corylus avellana L. [18, 19] , as well as the native European bird cherry, Prunus padus L., [20, 21] and the alien, invasive black cherry, Prunus serotina Ehrh. [22, 23] . These species provide suitable food for herbivorous insects [21, 24, 25] . Shrubs of both these Prunus species start their spring growth earlier than other shrubs and their leaves become quickly and heavily infested by folivores [26] , including beetles of the genus Gonioctena [27, 28] and the bird-cherry ermine, Yponomeuta evonymellus L. [29, 30] . In Central-Eastern Europe, the major folivore on both of the Prunus species is the polyphagous broad-shouldered leaf beetle, Gonioctena quinquepunctata Fabricius (Chrysomelidae; [28, 31] ). Within the natural geographical range of C. avellana, one of the most common folivores is the monophagous flea beetle, Altica brevicollis coryletorum (Chrysomelidae; [32, 33] ). Beetles of this species are frequently found on hazel shrubs and cause substantial defoliation [26] .
The degree of leaf damage caused by insect herbivores strongly depends on the light conditions available for plant growth, or more specifically within a single shrub, whether the leaves are sunlit or shaded [26, 34] . We have determined that the reduction in leaf mass caused by G. quinquepunctata, as well as by other species of folivores, in P. padus is much greater than in P. serotina. Shaded shrubs (under the canopy of trees) have a greater abundance of damaged leaves than those growing on sunny sites, irrespective of the Prunus species. In P. serotina, leaves of shaded shrubs are nearly exclusively eaten, although this species is much rarer in shaded sites due to its limited tolerance of low light conditions [35] . Depending on light conditions, the difference in the susceptibility of the two mentioned Prunus species to leaf damage by insect herbivores does not result from differences in the concentrations of defence compounds but rather primarily from differences in leaf structure, especially leaf toughness [26] .
In contrast to the Prunus shrubs, sunlit leaves of C. avellana suffer much greater damage than shaded leaves [14, 26] . The high degree of leaf damage on sunlit C. avellana is correlated with a higher abundance of larvae and adults of A. brevicollis coryletorum.
The present study was designed to determine how time of occurrence (understood as insect age-current-year in summer vs. 1-year-old, in spring after winter diapause) affects body mass and the sex ratio (F/M) in both species in a natural environment. Additionally, how these relationships are affected by light conditions of host plant growth was examined. Among the many parameters that reflect more favourable living conditions for insects, e.g. shorter duration of larval development, increased potential fecundity and realized fertility, and higher efficiency of conversion of ingested food [36, 37] , the most frequently recognized and easily measured parameter is body mass [38, 39] . The ratio of females to males (F/M ratio) may also be used to evaluate living conditions, preferences in the selection of favourable sites for offspring, and to explain differences in the body mass of beetles, depending on their age, before and during reproduction [40] .
We hypothesized that a change in body mass in current-year insects would be determined only by the amount of consumed food. We further hypothesized that the F/M ratio in currentyear insects should be stable, whereas in 1-year-old beetles, the F/M ratio should change due to reproduction. More specifically, we believed that in 1-year-old insects (in the spring of the following year, after the winter diapause), females that had fulfilled their reproductive role would die after oviposition, while males would still be found on shrubs. If true, this would result in a successive decrease in the F/M ratio of 1-year-old beetles during time of their occurrence in spring. The observed differences in food preferences (sunlit vs. shaded leaves) of the studied species, G. quinquepunctata and A. brevicollis coryletorum, was also considered when evaluating our hypotheses. Lastly, we hypothesized that all of the above-mentioned relationships would occur in both insect species. It was assumed that the F/M ratio would be similar in current-year beetles and would change in time in favour of 1-year-old males, irrespective of insect species and light conditions.
Materials and Methods

Plants
The study was carried out on understory shrubs of black cherry (Prunus serotina Ehrh.), European bird cherry (P. padus L.), and common hazel (Corylus avellana L.). 
Insect species and field research
The study utilized the polyphagous beetle, Gonioctena quinquepunctata Fabricius 1787 (syn. Phytodecta quinquepunctata, Kirby 1837), and the monophagous beetle, Altica brevicollis coryletorum Král 1964 (Coleoptera, Chrysomelidae; [41, 42] ), both of which have a similar life cycle (current-year adults emerge in summer, and only in early spring, after the winter diapause, the 1-year-old beetles reproduce). A. brevicollis coryletorum is characterized by distinct food preferences, determined by light conditions of host plant growth, i.e. it feeds primarily on sunlit leaves. In contrast, G. quinquepunctata, prefers leaves of shaded shrubs. Only adult insects were examined in the present study.
This study was carried out in strict accordance with the ethical standards in entomological research. The studied species are one of the major pests of black cherry, European bird cherry, and common hazel in Poland. In addition, the collection of insects in Poland is allowed without additional permission due to the public access to the forest and opportunities to insects, fruits, and mushrooms collection.
Adult G. quinquepunctata were captured in two seasons: in July, 2013 (current-year) and in May, 2014 (1-year-old, after the winter diapause). After the appearance of the first insects on leaves (01.07.2013 for current-year and 02.05.2014 for 1-year-old beetles) on the marked shrubs of Prunus padus and P. serotina, three shrubs of each light variant were randomly selected and beetles present on the shrubs were collected using an entomological umbrella. Each shrub was used only once in order to avoid the negative effect of an earlier disturbance on insect collection. Current-year G. quinquepunctata beetles were observed in the field for 15 days, whereas after the winter diapause, 1-year-old beetles were observed for 21 days. For each variant of the experiment, the number of insects was approximately 15-30/shrub. When the number of insects on a shrub was <10, they were supplemented with insects from a neighbouring shrub.
In the case of A. brevicollis coryletorum, beetles were collected in August and early September, 2013 (current-year) and in April and May, 2014 (1-year-old, after the winter diapause). After the appearance of the first insects on leaves (02.08.2013 for current-year and 11.04.2014 for 1-year old beetles) on shrubs of Corylus avellana, four shrubs of each light variant were randomly selected every six days, and approximately 15-30 individual insects were collected from each shrub. Current-year beetles of A. brevicollis coryletorum were observed in the field for 36 days, although single individuals were also found in late September, whereas after the winter diapause, 1-year-old beetles were collected for 54 days.
The captured beetles of both species were killed with ethyl acetate and their mass and sex was recorded about 18 h later. Body mass was measured with an analytical balance to the nearest 0.01 mg (Sartorius CP225D), while sex was determined under a stereomicroscope. In the case of A. brevicollis coryletorum, the genitals were also exposed and examined with the use of microsurgical instruments.
Statistical analyses
Analysis of variance (ANOVA) was used to determine the effect of shrub species (for G. quinquepunctata), light conditions, sex, and age on beetle body mass and the F/M ratio, in both insect species. During the analysis, the factor "term" (defined as length of the sampling period) was nested in the factor "age" (term[age]; understood as time of occurrence of insects in summer, and in spring, after the winter diapause). Additionally, a one-way ANOVA was used to analyse differences in the F/M ratio (for G. quinquepunctata) and beetle mass (for A. brevicollis coryletorum). Shrubs were treated as a random factor. A Tukey's HSD test was used to determine significant differences between treatments when necessary. Relationships between the collection term and mass, as well as the F/M ratio, were examined and displayed as regression equations. The curves presented in the figures were generated on the basis of regression equations in which R 2 was the highest and statistically significant. All analyses were conducted using JMP 8 software (SAS Institute, Cary, NC, USA).
Results
Gonioctena quinquepunctata
A significant effect of insect age on the body mass of G. quinquepunctata was observed. Average mass of 1-year-old beetles caught in spring (after winter diapause) were 2.6% heavier than current-year beetles in summer (Table 1) . Additionally, the significant age × sex interaction indicated that the differences in body mass in females between seasons were significant (in spring they were heavier), while no significant differences or interactions were detected in males. The time of collection significantly affected body mass, both in summer (current-year beetles) and in the spring of the following year (1-year-old beetles; Table 1 ). In both seasons, a significant effect of sex on body mass was observed, as was a significant sex × term interaction.
In current-year beetles, the body mass of both females and males markedly increased on successive collection dates (Fig 1A) . Initially, the F/M ratio was equal to 1. It subsequently increased over time and then slightly declined by the end of the season. Females, however, still outnumbered males (Fig 1A) . In contrast, the F/M ratio in 1-year-old beetles decreased ( Fig  1B) . While male body mass increased over time, it remained stable in females (Fig 1B) . The average insect body mass of both age groups feeding on P. padus were significantly heavier than those feeding on leaves of P. serotina. The difference, however, reached only about 1.7%. Notably, among the insects feeding in the summer (current-year), beetles feeding on leaves of P. padus were 5.8% heavier than those collected from shrubs of P. serotina (Fig 2) . Light conditions for the shrubs, however, did not significantly affect the body mass of the beetles. Results further indicated a significant effect of age, light conditions, collection term, and an age × species interaction on F/M ratio ( Table 2 ). The F/M ratio of current-year beetles was 22.1% higher on shrubs of P. padus than on shrubs of P. serotina, and 30.4% higher on sunlit shrubs than on shaded shrubs (Fig 3A and 3B) . In 1-year-old beetles, the F/M ratio was 23.5% higher on P. serotina than on P. padus (Fig 3C) , and 38.5% higher on sunlit shrubs than on shaded shrubs (Fig 3D) .
Altica brevicollis coryletorum
A significant effect of insect age on average body mass was observed in both female and male beetles. 1-year-old beetles weighed over 25% more than those caught in summer in the year of Table 1 . Summary of ANOVA on the effects of time of occurrence (age: current-year vs 1-year-old), cherry species (Prunus padus vs P. serotina), light conditions (high light vs shade), sex (female vs male), term (length of the sampling period, see Materials and Methods) and their interactions on the body mass of adult Gonioctena quinquepunctata beetles. The factor "term" was nested in the factor "age" (term [age] their emergence (Table 3 ). Moreover, a significant age × sex interaction was also observed, with a descending order of body mass as follows: 1-year-old females (a), current-year females (b), 1-year-old males (c) and current-year males (d) (Tukey's HSD test; P<0.05).
In beetles feeding in the current year, the body mass of females and males increased over successive collection dates (Fig 4A) , but the increases were smaller in males than in females. In 1-year-old beetles, body mass of both female and male beetles increased over time, but initially increased more rapidly in females and then became more stable (Fig 4B) . Values of the F/M ratio were lower than 1 throughout both of the seasons of occurrence (Table 4 ). In 1-year-old the F/M ratio also changed significantly over the term of collection. It initially rose very rapidly and then fell dramatically over the term of the collection period (Fig 4B) .
A significant effect of light conditions, sex, and term on body mass was observed in both seasons ( Table 3 ). The body mass of current-year (Fig 5A) and 1-year-old beetles (Fig 5B) feeding on sunlit shrubs was significantly higher than in beetles collected from shaded shrubs. Difference reached as high as 14.8% (F 1,954 = 100.89, P<0.0001) in current year beetles and 13.7% (F 1,1669 = 80.50, P<0.0001) in 1-year-old beetles. All of the examined factors (age, light conditions, and collection term) significantly affected the F/M ratio in both current-year and 1-yearold beetles (Table 4 ). The light × term interaction was also significant (Fig 6) . The F/M ratio in current-year beetles was 18% higher (Fig 6A) than in 1-year-old beetles. Interestingly, the F/M ratio in 1-year-old beetles collected from sunlit shrubs was 28.2% higher than in beetles collected from shaded shrubs. The timing of peaks in the F/M ratio also differed between the two groups ( Fig 6B) .
Discussion
In the present study, we observed a significant effect of sex and collection term on the body mass in both species of beetles and in both foraging seasons (current-year and 1-year-old beetles). In general, females of most insect species are much heavier than their male counterparts [43, 44] . This observation was also determined to be true for female beetles in earlier studies of Gonioctena quinquepunctata [45] and Altica brevicollis coryletorum [14] . Changes in the body mass of current-year beetles of both sexes occurred as a direct result of the amount of feeding. An important role was also played by other factors in the spring following diapauses. These factors were linked to reproduction and the post-reproductive decline in population size. Females in the genus Gonioctena [42] and in the species Altica brevicollis coryletorum, hide in leaf litter or die, while males remain active on shrub leaves. The observation that the sex ratio of a population changes with time of occurrence is simply the result of sex-specific difference in agerelated mortality, with female that fulfilled reproduction dying earlier than males. Femalebiased mortality in 1-year-old beetles may be caused by an extensive energy expenditure in short time or different patterns of behaviour after reproduction in relation to the male. There were no indications of parental care, although such behaviour has been previously reported for other species in the Chrysomelidae family [46] . In the present study, we observed the coexistence of unfertilized and fertilized females on leaves of the selected host plants, along with females that had already laid their eggs and remained on the host leaves for some time after oviposition. The presence of so many different types of females would undoubtedly affect the mean body mass of females in a given sample. Moreover female-biased mortality in reproduction season could be understood as an altruistic behaviour or specific "parental care", when females reduce competition for food for their offspring and hide in litter or die quickly.
Results of our study suggest that beetles of both species foraging in spring (1-year-old) are heavier than those collected in summer, which may be attributed to differences in food quality. Leaf structure and chemistry change with leaf age. Older leaves contain less nitrogen [47] , nonstructural carbohydrates and water [48, 49] , while concentrations of secondary metabolites increase [26, 50] . The structure of leaves also changes with age, especially during the later stages of development. Leaves become tougher, more leathery, and theoretically more difficult for folivores to ingest and digest [14, 51] . The described developmental and structural changes suggest that younger leaves are a qualitatively more nutritious and edible food source for most insect folivores. Moreover, beetles are involved in reproductive processes during the spring months when in the summer months are only focused on foraging for suitable food and defence against unfavourable environmental factors [42] . Thus, the efficiency of utilizing young leaves must be much higher than in summer. This was most conspicuous in 1-year-old beetles of A. brevicollis coryletorum, whose mass, despite the energy loss for reproduction, was 25% higher than in current-year beetles before winter.
The relatively high level of defence compounds (e.g. soluble phenolics and tannins) present in leaves of both Prunus species apparently does not provide a sufficient defence against herbivory by foliovores [45, 52] . Therefore, they are greatly damaged by various species of insect herbivores, and in particular by the polyphagous, G. quinquepunctata [26, 28] . Our present data on the effect of Prunus species on the body mass of adult G. quinquepunctata beetles are consistent with the results of our earlier study [45] , which indicated that only small differences in leaf chemistry are present in the leaves of these species in the seasons when beetles are searching for food. The effect of leaf source on body mass is more evident in current-year beetles when body mass differed by approximately 6% (Fig 2A) between the two food sources. At a later stage of the growing season, leaves of P. serotina are tougher and more leathery. Consequently, a large investment in chemical defence against folivores is not required [10, 23, 30] . Moreover, P. serotina is highly resistant to a variety of biotic factors that reduce leaf area [28] and to mechanical damage; in addition to partial or even complete defoliation [53, 54] . In the present Table 3 . Summary of ANOVA on the effects of time of occurrence (age: current-year vs 1-year-old), light conditions (high light vs shade), sex (female vs male), term (length of the sampling period, see Materials and Methods) and their interactions on the body mass of adult Altica brevicollis coryletorum beetles. The factor "term" was nested in the factor "age" (term [age] . One-way ANOVA was used to determine the effect of term on females (current-year, R 2 = 0.0824, P < 0.0001; 1-year-old, R 2 = 0.2530, P < 0.0001), males (current-year, R 2 = 0.0726, P < 0.0001; 1-year-old, R 2 = 0.1393, P < 0.0001), and the sex ratio (current-year, R 2 = 0.1028, P = 0.4779; 1-year-old, R 2 = 0.1545, P = 0.1955).
study, the small difference observed in the body mass of beetles feeding on different Prunus species indicates that leaves of both Prunus species are both similar in their quality as a food source for G. quinquepunctata.
Our data indicate that in the wild, the better light conditions present for leaves of Corylus avellana, which are eaten by larvae and adults of A brevicollis coryletorum, produce a food source that results in a higher body mass in beetles in both foraging seasons (summer and spring of the following year, Table 3 ). These results are consistent with the results of our earlier laboratory experiments, where the possibility to choose a food source and the effects of other environmental factors were not present [14] . Many studies indicate that strong light causes slower insect growth and development [7, 9, 55] . In some insect species, however, sunlit leaves are more favourable than shaded leaves for insect growth and development [17, 56] . In relative comparison to shaded leaves, sunlit leaves of C. avellana contain higher concentrations of defence compounds, such as phenolics and condensed tannins [26] , and are characterized by greater toughness and density of trichomes and glandular trichomes containing phenols [14] . In the case of C. avellana, however, these factors do not provide a sufficient defence system against the leaf-eating beetle, A. brevicollis coryletorum. This insect species is a typical example of monophagy, and such specialist insects often tolerate higher levels of repellents than generalist species do [57] . Additionally, feeding on sunlit leaves which are rich in non-structural carbohydrates, results in a significant increase in body mass and a shortening of insect development [58] . Moreover, the higher quality food source, along with the higher temperatures present in sunlit leaves, provides an effective mechanism of defence of this beetle species against predators and allows them to jump over larger distances [14] .
In both insect species, different trends in changes of the body mass of females and males, as well as in the F/M ratio over time depending on insect age, are a result of the different biology of females at various stages of their life cycle. This is reflected in the relatively stable F/M ratio of current year beetles in the first summer ( Figs 1A and 4A ). In contrast, females appear earlier and initially prevail during spring of the following spring, but they die sometime after oviposition. Males, however, are more numerous and exhibit a relatively stable and low F/M ration by the end of the season (Figs 1B and 4B ). It should be emphasized that the number of females and males at the time of occurrence of 1-year-old insects are quite similar, but there is only a sex-specific shift at the time of their occurrence. Data from the present study indicate a significant effect of light conditions (sun vs. shade) on shrub growth and age × host species interaction on the F/M ratio in G. quinquepunctata (Table 2 ). Food quality may also affect various components of the reproductive strategy of herbivorous insects, e.g. resource allocation to eggs, egg size and quality, and sex ratios [15] . The higher abundance of current-year females on P. padus (higher F/M ratio) and the greater abundance of 1-year-old females on P. serotina may be the result of higher food quality or better living conditions represented by the leaves of these species and their access to light. It is also plausible that a preference for sunlit shrubs by both age groups is also a contributing factor as well. In full light, higher temperatures and lower competition create more favourable conditions for female G. quinquepunctata beetles in regards to offspring allocation. In support of this premise, Wennström et al. [59] , in their research on food preferences of G. linnaeana, reported that host plant selection by females is determined by higher food quality. The authors suggested that G. linnaeana females have evolved a behaviour that maximizes offspring performance and thus positively influences female fitness when feeding on a preferred food source. There are several plausible reasons for the existence of a relationship between host selection and offspring efficiency. Potential factors that would have a large impact on the aforementioned relationship include: female food preferences, differences in female investment in eggs, and ensuring the safety of the offspring by the female [40, 59, 60] . We hypothesize that the higher F/M ratio on sunlit shrubs for both of the studied host species may be the result of optimum food source selection for adults of the next generation over the selection of the lower quality food source represented by leaves on shaded shrubs. Additionally, herbivores can benefit from the dispersal of alien, newly-invasive plants, as more food becomes subsequently available. Occupation of new plant species makes it possible to avoid or reduce the exposure of insects to parasites and predatory attacks [61] . This may explain, to a large extent, the elevated F/M ratio in G. quinquepunctata on the alien, newlyinvasive shrub, P. serotina, during insect reproduction (Fig 3C) . This premise is supported by the results of our earlier field research, where the body mass of beetles was higher when they fed on sunlit shrubs of P. serotina [45] . In contrast to experiments where larvae cannot choose their food source, insects studied in natural environments are affected by a complex of multiple factors including the availability of high quality food, leaf structure and chemistry [15] , and intra-and interspecific competition [62, 63] . In a natural environment, the presence of predators [39] and parasites [64] , specific behaviour [59] , as well as phenological differences between host plants [30] , can play a major role on the biology of an insect. In general, the data obtained in the present study are similar for both of the studied beetle species. In summer, after the eggs hatch into larvae, the body mass of both male and female adult beetles increases. During that period, the F/M ratio is relatively stable. In the following spring after the winter diapause, the F/M ratio changes dramatically, primarily due to the disappearance of females at a period of time after oviposition. Importantly, we found that the length of the period of reproduction, as well as female and male behaviour in insect populations, significantly influences body mass. The results of the present study contribute to confirming the pattern and complexity of these changes. Taking into account the different adaptations of males and females to their distinct reproductive roles, seasonal fluctuations in body mass and the F/M ratio occur in relation to the reproductive cycle. We believe that additional research on other species in the Chrysomelidae, or in other insect families possessing species that have a similar life cycle, will confirm our conclusions.
